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Geometric validation of TerraSAR-X high-resolution products
Abstract
Switzerland's diversity of flat, rolling and Alpine terrain makes it ideal territory for geometric validation
studies. Two parallel investigations of TerraSAR-X (TSX) highresolution data were conducted:
geometric validation and estimation of the tropospheric path delay using measurements of corner
reflectors (CRs) placed at different altitudes but nearly identical ranges. Geometric validation was
conducted using products from the spotlight and stripmap modes in ascending and descending
configurations. The geometric accuracy was investigated for representative products in two ways: (1)
CR image positions were predicted based on the delivered product annotations, and these predictions
compared to their measured image positions; (2)Products were geocoded using digital height models
(DHMs), and the geocoded images were draped over the height models as well as 1:25'000 digital
topographic maps for comparison. Terrain geocoding was performed using a Swiss 25-metre digital
terrain model (DTM), as well as a 2-metre digital surface model (DSM) obtained from LIDAR
(available for the Zurich test area). For the investigation into atmospheric path delay, six TSX stripmap
scenes (30 km x 20 km) containing four identical CRs with the same range distances at an altitude
difference of ~3000 m were examined. The CR arrangement made it possible to verify the TSX nominal
path delay correction scheme by comparing predicted slant range with the slant range obtained by
measuring the reflector image coordinates. Range differences between the high- and low-altitude
reflectors helped quantify small variations in the path delay.
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ABSTRACT 
Switzerland's diversity of flat, rolling and Alpine terrain 
makes it ideal territory for geometric validation studies. 
We describe here two parallel investigations of 
TerraSAR-X (TSX) high-resolution data: geometric 
validation and estimation of the tropospheric path delay 
using measurements of corner reflectors (CRs) placed at 
different altitudes but nearly identical ranges. 
Geometric validation was conducted using products 
from the spotlight and stripmap modes in ascending and 
descending configurations. The geometric accuracy was 
investigated for representative products in two ways: 
(1) CR image positions were predicted based on the 
delivered product annotations, and these predictions 
compared to their measured image positions; (2) 
Products were geocoded using digital height models 
(DHMs), and the geocoded images were draped over 
the height models as well as 1:25’000 digital 
topographic maps for comparison. Terrain geocoding 
was performed using a Swiss 25-metre digital terrain 
model (DTM), as well as a 2-metre digital surface 
model (DSM) obtained from LIDAR (available for the 
Zurich test area). 
For the investigation into atmospheric path delays, six 
TSX stripmap scenes (30 km x 20 km) containing four 
identical CRs with the same range distances at an 
altitude difference of ~3000 m were examined. The CR 
arrangement made it possible to verify the TSX nominal 
path delay correction scheme by comparing the 
predicted slant range with the slant range obtained by 
measuring the reflector image coordinates. Range 
differences between the high- and low-altitude 
reflectors helped quantify small variations in the path 
delay. 
1 INTRODUCTION 
TerraSAR-X is the first civilian spaceborne radar 
satellite with the ability to observe the Earth with a 
resolution on the order of ~1 m. At this resolution, the 
effect of the atmosphere - especially the troposphere - 
needs to be considered. The tropospheric path delay is 
caused by hydrostatic (air pressure), wet (water vapour) 
and liquid (water droplet) variations. By situating 
trihedral corner reflectors within sites at different 
altitudes and imaging these sites using TSX’s stripmap 
(SM) and high-resolution spotlight (HS) modes, the 
geometric accuracy of the delivered products was 
measured; suitably-placed high- and low-altitude 
reflectors provided further indications of the effect of the 
path delay on the image product geolocation accuracy. 
Nine trihedral CRs were placed within five Swiss 
midlands sites and one Alpine site (Zurich, Malters, 
Rohrdorf, Meiringen, Interlaken, and Jungfraujoch, 
respectively). The CR positions were estimated with 
~cm accuracy with differential GPS (DGPS) surveys. 
The products were also terrain-geocoded using the best 
available DHM for each scene. For the Zurich area, a 
2 m DSM obtained from LIDAR was available from the 
 
 
Figure 1. Asc. HS product acquired 2008.04.03 over the 
University of Zurich with close-up of area 
surrounding main train station, geocoded with 2 m 
LIDAR DSM (colour-coded heights). 
0 m Colour Cycle 20 m
Swiss Federal Office of Topography, which was ideal 
 
Swiss Federal Office of Topography, which was ideal 
because of the urban setting. Large geolocation errors, 
biases or trends can be easily discovered by draping the 
geocoded image over the DHM. By applying a cyclic 
colour-coding to the DHM heights to create “iso-height” 
contours, one can quickly verify that the contours follow 
the topographic features visible in the SAR image. 
As a further test of geometric accuracy, the same terrain-
geocoded products can be overlaid on top of a digital 
topographic map. A 1:25’000 topographic map from the 
Swiss Federal Office of Topography was used as a 
reference. Features not easily visible in the DHMs, such 
as canals and roads, provide further - highly localised - 
indicators of registration quality. 
2 TERRAIN GEOCODING 
All products were geocoded using the best available 
DHM for the scene. For the Zurich products, this was the 
2 m LIDAR DSM mentioned above; it was oversampled 
to yield a 1 m sample spacing. For all other regions, a 
Swiss 25-metre digital terrain model (DTM) was used, 
oversampled to a 2.5 m spacing. 
After terrain geocoding, the images were overlaid with 
the colour-coded height model, making it possible to 
quickly detect whether the image content corresponded 
to the DHM variations. Errors in the range/azimuth 
timing annotations or the orbital state vectors would 
manifest themselves as relative shifts in the image/DHM 
overlays. In Figure 1, an example of such an overlay is 
shown for an HS product acquired over the University of 
Zurich campus. The SAR backscatter determines the 
intensity; the laser height model is presented as an 
underlying colour cycle with a length of 20 m. No 
systematic biases or mislocations are evident. 
A further example of this type of test is illustrated in 
Figure 2 for a stripmap (SM) product acquired over the 
Swiss Alps. The oversampled 25 m DTM was used to 
geocode the product. It can be seen that the coloured iso-
height lines very closely follow the topography visible in 
the TSX image. 
This close correspondence between height model and 
geocoded image was observed for all spotlight and 
stripmap scenes received so far, attesting to the 
consistent high orbital state vector and timing quality 
accompanying the delivered products. 
Further visual tests of the geometric accuracy and 
consistency were performed by overlaying the geocoded 
images on top of the digital topographic map from the 
Swiss Federal Office of Topography. Extremely close 
correspondence between map and image features (such 
as roads, canals, and building perimeters) across the 
scene was observed for all SM and HS products tested. 
Figure 3 shows two examples: a SM product over the 
Alps and an HS product over the city of Meiringen, also 
visible in the northern part of the SM image. Narrow 
canals in the HS product are observed to correspond 
with those indicated in the topographic map. 
3 CORNER REFLECTOR MEASUREMENTS 
Given the radar timing annotations (time of first range 
sample, range sampling rate, first azimuth time, azimuth 
sampling rate) and state vectors describing the satellite's 
trajectory during the time of data acquisition, a point on 
the Earth's surface may be located within the image by 
solving the Doppler equation governing the image 
product’s geometry. This involves searching for the 
azimuth time where the satellite’s position corresponds  
to the required Doppler value (typically zero). This 
geolocation method is called “range-Doppler” [3]. 
 
 
Figure 2. Asc. SM product acquired 2008.06.13 over 
Interlaken/Jungfraujoch with close-up around the 
town of Interlaken, geocoded with a 25 m DTM 
(colour-coded heights). 
0 m Colour Cycle 1000 m
 (a) SM product from 2008.04.28 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) HS product from 2008.08.27 
Figure 3. Terrain-geocoded SM and HS products over 
(a) Alps surrounding Meiringen/Jungfraujoch and 
(b) Meiringen airport. Maps © swisstopo 
 
The surveyed locations of the corner reflectors may be 
predicted within a radar image product and compared to 
their measured positions. An example of this is given in 
Figure 4 for reflectors within three of the test sites. In 
each case, the target's predicted location is marked with 
a blue cross. The zoom level increases towards the 
bottom. 
The high-resolution spotlight images, with their sub-
metre sample spacing, provide the best opportunity to 
precisely locate reflector peak returns. Using complex 
FFT oversampling, the location of a given reflector 
 is determined as the local intensity maximum with 
subpixel accuracy [4]. The slant range from the sensor to 
(a) (b) (c)
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Figure 4. Corner reflectors as seen in three
geocoded images at four zoom levels for the sites (a) 
Jungfraujoch, (b) Interlaken and (c) Meiringen. The 
blue crosses represent GPS measurements, i.e. their 
predicted locations. 
 
the reflector is then obtained using the range timing 
annotations, taking into account the additional range 
offset due to atmospheric path delay, indicated in the 
annotations for the geolocation grid. Since the 
atmospheric model calculates a single delay for the 
scene based on a reference height, it is expected that 
path delay variations due to different corner reflector 
altitudes should cause residual range location errors.  
Figure 5 summarises the location error estimates for all 
reflectors in eight HS products received. Azimuth and 
range errors alike were all within ~0.5 m. A separation is 
additionally visible between ascending (blue) and 
descending (red) scenes. 
The current specifications for TSX products generated 
from science (SCIE) orbits are listed in section 3.4 of 
document [1]. The absolute geometric accuracy - 
including all uncertainties in the signal path and along-
track (azimuth) errors - is stated to be within 1 m. The 
measurements made using the CRs support this claim in 
both the slant range and azimuth directions, in spite of 
the apparent bias in the operational path delay estimation 
due to a sub-optimally calibrated atmospheric model.  
4 ATMOSPHERIC PATH DELAY 
The TSX operational processor provides single range 
and azimuth correction constants for the whole scene in 
question. The values are based on the influence of the 
atmosphere using average total electron content (TEC) 
values, the average scene height and the mid-range 
incidence angle [2]. We subtracted these offsets from the 
range (fast) and azimuth (slow) times to apply the 
corrections; that is, generate timing annotations ideally 
simulating vacuum conditions. However, the provided 
constants are valid only at the average scene height; 
atmosphere-induced geolocation errors of ~1 m can be 
expected in steep mountainous terrain.  
 
 
Figure 5. Absolute location error estimates for 10 
corner reflectors within 8 HS scenes. Red markers 
indicate descending, blue markers ascending 
geometry. Triangles (Δ) are reflectors at 
Jungfraujoch, all other symbols reflectors at valley 
sites. 
 
To quantify the path delay effects in TSX high-
resolution images, pairs of trihedral corner reflectors 
were placed in the Jungfraujoch region, with the 
reflectors from each pair equidistant to the sensor but at 
significantly different altitudes. As illustrated in Figure 6, 
a reflector pair consisted of one at ~3580 m altitude 
(Jungfraujoch, or JJ) and the other in the valley below at 
~570 m (Meiringen or Interlaken, collectively called MI). 
These pair configurations were installed to accommodate 
the ascending and descending orbits, with 4 reflectors 
visible in each scene (2 high-altitude, 2 low-altitude) for 
redundancy. 
With such an arrangement, the nominal TSX correction 
scheme for the atmospheric path delay was tested by 
comparing predicted and measured ranges. The 
differences in the amount of atmosphere traversed to 
reach the high- versus low-altitude reflectors helps 
quantify relative differences in the path delay.  
Another interesting side-effect is that the average scene 
height in both configurations is close to the midpoint 
between the two reflector altitudes. This should imply 
that if the operational path delay estimations are correct 
for the reference height, the high-altitude (JJ) slant 
ranges would be over-corrected slightly, and the low-
altitude (MI) ranges under-corrected. That is, the 
measured range location errors are expected to be of 
similar magnitude but opposite sign for the valley sites 
as compared to the high-altitude site. 
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Figure 6. Observation geometry for path delay 
experiment 
 
The estimated location errors for all 6 stripmap scenes 
containing high/low-altitude reflector pairs are shown as 
a scatter plot in Figure 7. The red marks indicate 
descending-, the blue marks ascending products. 
Triangles (Δ) are Jungfraujoch (Alpine) reflectors, 
crosses (X) from Interlaken, and plus signs (+) from 
Meiringen. All errors are under 1 m, again conforming 
to the product specifications. The main effects we 
observe are: (1) an azimuth separation of ~1 m between 
ascending and descending acquisitions, (2) a range 
separation of ~0.8 m between Alpine and valley 
measurements, and (3) a positive range-error bias of 
~0.4 m for the measurements on the whole, contrary to 
the original expectation of range errors roughly 
symmetric about zero.  
Comparing Figure 7 to Figure 5, the increased spread in 
the range error values in the former can be partly 
explained by the differences in the reflector altitudes and 
the annotated product mean scene heights. For the 
spotlight products studied, the annotated scene average 
terrain heights more closely represented the true 
reflector altitudes than for the stripmap products. This, in  
 
 
Figure 7. Absolute location error estimates for 
Alpine/Valley test sites. Red markers indicate 
descending, blue markers ascending geometry. 
Triangles (Δ) are from Jungfraujoch, crosses (X) 
from Interlaken, plus signs (+) from Meiringen. 
  
turn, reduced the range errors stemming from the 
altitude differences, decreasing their spread in Figure 5 
as compared to Figure 7. 
In order to isolate the true (altitude-dependent) path 
delay, the measured range displacement (ΔRg; N.B. 
average of 2 reflectors at each site) was subtracted from 
the delay given for the scene average height (ΨAVG). The 
results of this analysis are presented in Table 1. The 
high-altitude range delays (φJJ, AVG) are lower than the  
valley delays (φMI, AVG), as expected, due to the longer 
signal path in the valley cases. The right-most column 
(φMI - φJJ) lists the difference between the two previous 
columns, i.e. the path delay difference between the high- 
and low-altitude locations.  
Previous work [2] reported on the altitude dependency of 
the path delay using ray-tracing simulations within a 
numerical weather model as well as a simpler height-
dependent atmospheric model. It was discovered that the 
measured range deviations closely followed the 
dynamics of the predictions from both atmospheric 
models. After investigating the applicability of the TSX 
model to mid-latitudes, it was concluded that scene-
average path delay (ΨAVG) from the TSX annotations 
was consistently underestimated by ~0.35 m in the 
products tested at these latitudes. If the underestimation 
were corrected (i.e. ΨAVG were increased by ~0.35 m), 
then the measured range location errors (ΔRg) would 
similarly be expected to improve (decrease) by 0.35 m, 
shifting the contents of Figure 7 to the left and causing  
them to become ~symmetric about zero, as initially 
expected. 
Table 1:  Predicted path delay from measurements and GPS. 
Ref. Height and ΨAVG refer to the average scene height 
and scene-average path delay, respectively, as 
annotated in the TSX products; θi is the mean local 
incidence angle (JJ: Jungfraujoch, MI: Meiringen / 
Interlaken). All scenes acquired in 2008. 
 
Date 
(2008) A/D
Ref. 
Height
[m] 
θi 
[°] 
ΨAVG 
[m] 
ΔRg.JJ 
[m] 
ΔRg.MI 
[m] 
φJJ, AVG 
[m] 
φMI, AVG 
[m] 
φMI - φJJ 
[m] 
28.04 
09.05 
12.05 
23.05 
11.06 
25.06 
D 
D 
A 
A 
D 
A 
2163 
2166 
1865 
1827 
2164 
1827 
32.06
32.56
24.68
24.67
32.06
24.66
1.874 
1.873 
1.845 
1.857 
1.874 
1.857 
0.791 
0.742 
0.710 
0.723 
0.864 
0.632 
0.091 
-0.036 
-0.036 
-0.023 
0.028 
-0.209 
1.08 
1.13 
1.14 
1.13 
1.01 
1.23 
1.78 
1.91 
1.88 
1.88 
1.85 
2.07 
0.70 
0.78 
0.74 
0.75 
0.84 
0.84 
Mean Values 1.863 0.744 -0.031 1.12 1.90 0.78 
 
5 CONCLUSIONS 
 TSX high-resolution spotlight and stripmap products 
were terrain-geocoded and validated geometrically by 
draping them over the DHM used during geocoding as 
well as over a digital topographic map. No coarse 
registration errors, biases, or trends were observed. 
Tests of the absolute geolocation accuracy using corner 
reflectors with well-known positions revealed range 
errors all under 1 m, despite a small bias probably 
caused by the application of a model calibrated using 
low-altitude averages (over-compensation), that 
additionally only corrects for the value at the average 
scene height.  
The measured azimuth errors were also all below 1 m. A 
clear separation between measurements from ascending 
and descending acquisitions was observed; the cause is 
under investigation. 
Currently, TerraSAR-X generates the highest-resolution 
civilian SAR products available, meeting its initial 
accuracy specifications. It is expected that adjustments 
to the atmospheric simulation performed for TSX 
products will further improve the absolute geometric 
accuracy of the high-resolution products. 
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